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Fig. 1. The simpliﬁed block diagram of differentially-encoded CM assisted eigen beamforming system.
beamforming is carried out with the aid of the beamforming weight
vector of u
H
(1)k, which is the conjugate transpose of the ﬁrst column
vector of the unitary matrix U in (3). Then differential decoding
is carried out, followed by CM decoding as seen in Figure 1. By
ignoring the time index k, the signal input to the differential decoder
can be simpliﬁed as:
r = u
H
(1)y ,
= u
H
(1)Hv(1)v + u
H
(1)kn ,
= λ(1)v + ˘ n , (4)
where we have u
H
(1)Hv(1) = u
H
(1)UDV
Hv(1) = λ(1) and ˘ n =
u
H
(1)kn. Note that λ(1) is the ﬁrst diagonal value of the matrix D in
(3), which is also the ﬁrst and the largest eigenvalue of the matrix
H. Hence, the combined transmit and receive beamforming scheme
has converted a MIMO channel into a Single-Input Single-Output
(SISO) channel having a single channel coefﬁcient given by λ(1).
The variance of the Additive White Gaussian Noise (AWGN) ˘ n is
the same as that of the original AWGN n, which is given by N0.
Note however that, when the predicted channel ˆ H is insufﬁciently
accurate, the signal subspaces deﬁned by the unitary matrices ˆ U and
ˆ V of ˆ H = ˆ U ˆ D ˆ V
H are no longer unique [18]. More speciﬁcally, we
have [19]:
ˆ u(1) = ˜ u(1)e
jθ1; ˆ v(1) = ˜ v(1)e
jθ2 , (5)
where ˜ u(1) = |ˆ u(1)| and ˜ v(1) = |ˆ v(1)|. The phase-ambiguity values
incurred in the estimated eigen-vectors of ˆ u(1) and ˆ v(1) were θ1 and
θ2, respectively. Let us now demonstrate how this phase-ambiguity
may be resolved with the aid of differential encoding [20].
The differential encoder is shown between the CM encoder and
the transmit beamformer in Figure 1. As seen in Figure 1, the
differentially encoded symbol vk transmitted at time instant k is
obtained from:
vk = x
′
kvk−1 , (6)
where x
′
k is a CM encoded symbol and vk−1 is the symbol trans-
mitted at time instant (k − 1) [17]. Let us employ PSK-based CM
schemes, where we have |x
′
k|
2 = |vk|
2 = 1 and assume that the
channel coefﬁcient λ(1) in (4) is constant across during the time
instants k and (k − 1). Upon introducing the time index k in (4),
with the aid of (6) we have:
y
′
k = rkr
∗
k−1 ,
= |λ(1)k|
2vkv
∗
k−1 + λ(1)kvk˘ n
∗
k−1 +
λ
∗
(1)k−1v
∗
k−1˘ nk + ˘ nk˘ n
∗
k−1 ,
y
′
k = |λ(1)k|
2x
′
k + n
′
k , (7)
where the superscript ∗ denotes the complex conjugate operation.
Hence, an additional differential encoding and decoding pair in an
eigen-beamforming scheme is another SISO channel having a channel
coefﬁcient of |λ(1)k|
2 and an AWGN of n
′
k = λ(1)kvk˘ n
∗
k−1 +
λ
∗
(1)k−1v
∗
k−1˘ nk + ˘ nk˘ n
∗
k−1. The variance of the AWGN n
′
k is given
by 2|λ(1)k|
2N0. Note in (7) that the equivalent channel coefﬁcient of
a differentially encoded eigen-beamformer is |λ(1)k|
2. Hence, when
the predicted MIMO channel is inaccurate, we have:
|ˆ λ(1)|
2 =
 
 ˆ u
H
(1)Hˆ v(1)
 
 
2
, (8)
=
 
 (˜ u
H
(1)e
−jθ1)H(˜ v(1)e
jθ2)
 
 
2
,
=
 
 ˜ u
H
(1)H˜ v(1)
 
 
2
· |e
j(θ2−θ1)|
2 ,
=
 
 ˜ u
H
(1)H˜ v(1)
 
 
2
, (9)
where the phase-ambiguity inherent in the eigen-vectors is now
removed. Since we do not know H in (8), we may obtain an estimate
of |ˆ λ(1)|
2 in (8) using (4) as follows:
|ˆ λ(1)|
2 = rr
∗ ,
= (λ(1)v + ˘ n)(λ(1)v + ˘ n)
∗ ,
=
 
 λ(1)
 
 
2
+ λ(1)v˘ n
∗ + λ
∗
(1)v
∗˘ n . (10)
Note that we can also acquire |ˆ λ(1)|
2 by substituting ˆ H into (8).
However, we found that the estimated value in (10) is more accurate.
The logarithmic-domain channel soft-metric can be computed at the
soft demodulator within the CM decoder as:
Pr(y
′
k|x
′
k = x
′(m)) = −
 
 y
′
k − |ˆ λ(1)k|
2x
′(m) 
 
2
2|ˆ λ(1)k|2N0
, (11)
where x
′(m), for m ∈ {0,1,...,M − 1}, is the mth phasor in an
M-ary PSK modulation constellation.
III. MIMO CHANNEL PREDICTION
The block diagram of the channel prediction aided differentially
encoded CM assisted eigen-beamforming scheme is shown in Fig-
ure 2, where ˆ (.) denotes the predicted value of (.). Transmit and
receive buffers are used for buffering a CM-encoded frame, which is
partitioned into shorter subframes and Mt number of pilot symbols
are attached to each subframe at its beginning as seen in Figure 2.
A shorter subframe length is expected to increase the accuracy of
the channel predictor, but naturally, it also imposes a higher pilot
symbol overhead. During the transmission of the pilot symbols only
one transmit antenna is activated for the corresponding symbol period,
while the remaining transmit antennas are deactivated [13], [14], as
seen in Figure 3.
Let us denote the index of the subframe by the subscript l and the
time index by mt for reasons of brevity in this section. For the lth
subframe transmitted at time instant mt (1 ≤ mt ≤ MT), the signal
ymr(l,mt) received by the mr-th (1 ≤ mr ≤ MR) receiver antenna
is given by:
ymr(l,mt) = hmrmt(l,mt)xp + nmr(l,mt) , (12)
where p is the predictor order, hmrmt(l,mt) represents the fading
channel coefﬁcient between the mt-th transmit antenna and the mr-
th receive antenna for the lth subframe at time instant mt, while xp
represents the pilot symbol, which is assumed to be the same for all
transmit antennas and for all subframes. Furthermore, nmr(l,mt)
is the AWGN contribution at the mrth receiver antenna for the lth
subframe at time instant mt.3
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Fig. 2. The block diagram of the channel prediction aided differential CM assisted eigen-beamforming system.
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Fig. 3. The MIMO transmission format, where the notations P, D and 0 denote the pilot symbol, data symbol and zero-energy symbol, respectively.
With the aid of the Mt-by-Mt pilot symbol matrix seen in Figure 3,
the (Mr × Mt)-dimensional MIMO channel prediction problem is
decomposed into a SISO channel prediction scenario, where any
classic SISO channel prediction algorithm can be applied directly.
In this contribution, MMSE based narrowband channel prediction is
invoked [16]. Speciﬁcally, we construct the following p-dimensional
vector:
ymr(l,mt) = [ymr(l − p + 1,mt) ··· ymr(l,mt)]
T . (13)
If we assign the value of “+1” to each pilot symbol, then the channel
coefﬁcient corresponding to the mt-th pilot symbol of the (l + 1)-th
subframe is given by the corresponding received pilot symbol ymr(l+
1,mt) = hmr(l + 1,mt) · (+1) in the absence of noise. Hence, the
predicted channel coefﬁcient corresponding to the mt-th pilot symbol
for the (l+1)-th subframe, namely ˆ ymr(l+1,mt), can be estimated
based on the received pilot symbol vector of the l-th subframe as [15]:
ˆ ymr(l + 1,mt) = d0ymr(l,mt) , (14)
where d0 is formulated as [15]:
d0 = R
−1
ymr (l,mt)rymr (l,mt)ymr(l+1,mt) , (15)
where Rymr (l,mt) is the (p×p)-dimensional autocorrelation matrix
of ymr(l,mt), which is given by [15]:
Rymr (l,mt) = E[ymr(l,mt)y
H
mr(l,mt)] . (16)
Furthermore, rymr (l,mt)ymr(l+1,mt) is the p-dimensional cross-
correlation vector recorded for ymr(l,mt) and ymr(l+1,mt), which
is given by [15]:
rymr (l,mt)ymr (l+1,mt) = E[y
∗
mr(l,mt)ymr(l + 1,mt)] . (17)
Finally, the predicted channel coefﬁcients corresponding to the data
symbol can be obtained with the aid of linear interpolation [21].
IV. SIMULATION RESULTS
Let us consider transmissions over correlated Rayleigh fading
channels having a normalised Doppler frequency of 10
−3 and a
subframe length of Ls = 100 CM-encoded symbols as well as a
frame length of Lf = 1000 CM-encoded symbols, unless stated
otherwise. The predictor order is ﬁxed to p = 10. Coherently detected
CM or Differential-encoded CM (D-CM) schemes will be employed.
The number of transmit antennas is ﬁxed to Mt = 2 and the number
of receive antennas is ﬁxed to Mr = 2. The block diagram of a
coherently detected CM assisted eigen-beamforming system is the
same as that seen in Figure 1, albeit without the differential encoder
and decoder blocks. The pilot overhead is given by Mt/(Mt + Ls),
which is 1.96%, when using Mt = 2 and Ls = 100.
For the sake of a fair comparison, both of the CM schemes
employed were conﬁgured to have a similar decoding complexity
quantiﬁed in terms of the total number of trellis decoding states. More
quantitatively, for the non-iterative TCM or BICM code of memory
ν, the corresponding complexity is proportional to the number of
decoding states S = 2
ν. Since TTCM schemes invoke two TCM
component codes, a TTCM code employing t iterations and using an
S-state component code exhibits a complexity proportional to 2.t.S
or t.2
ν+1 states. As for BICMID schemes, only one decoder is used,
but the demodulator is invoked in each decoding iteration. However,
the complexity of the demodulator is assumed to be insigniﬁcant
compared to that of the trellis decoder. Hence, a BICMID code em-
ploying t iterations and using an S-state code exhibits a complexity
proportional to t.S or t.2
M. For these reasons, we opted for S = 64
for the TCM and BICM schemes while S = 8 and t = 4 for the
TTCM scheme, as well as S = 8 and t = 8 for the BICMID scheme.
The code polynomials used for the CM schemes can be found on
pages 775, 792 and 798 in [16].
Figure 4 shows the Bit Error Ratio (BER) versus Signal-to-Noise
Ratio (SNR) per bit, namely Eb/N0, performance of the 4PSK and
CM-8PSK assisted eigen-beamforming schemes, when employing
either perfect or predicted CSI without differential encoding. Hence,
as we can see from Figure 4, the performance of the coherently
detected scheme suffers from a signiﬁcant degradation, when the CSI
is imperfect. For example, at BER=10
−5 an approximately 8.5 dB and
6.2 dB performance loss incurred, when employing the predicted CSI
compared to the scheme beneﬁting from perfect CSI for the 4PSK
and TTCM-8PSK assisted schemes, respectively. This is due to the
phase-ambiguity problem discussed in Section II. Furthermore, the
TCM-8PSK assisted scheme was unable to outperform the uncoded
4PSK assisted scheme, when the CSI was imperfect, although they4
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Fig. 4. BER versus Eb/N0 performance of the 4PSK (Lf = Ls = 100)
and CM-8PSK (Lf = 1000, Ls = 100) beamforming schemes, when
communicating over correlated Rayleigh fading channels having a normalised
Doppler frequency of 10−3. The pilot overhead is 1.96%.
have the same effective throughput of 2 bit/symbol. Interestingly, in
the context of the eigen-beamforming system, the BICMID-8PSK
assisted scheme outperformed the other three CM-8PSK assisted
schemes, although when communicating over SISO Rayleigh fading
channels without beamforming, BICMID-8PSK is outperformed by
the TTCM-8PSK scheme [16].
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Fig. 5. BER versus Eb/N0 performance of the D-4PSK (Lf = Ls = 100)
and D-CM-8PSK (Lf = 1000,Ls = 100) beamforming schemes, when
communicating over correlated Rayleigh fading channels having a normalised
Doppler frequency of 10−3. The pilot overhead is 1.96%.
Figure 5 shows the performance of the D-4PSK and D-CM-
8PSK assisted eigen-beamforming schemes, when employing either
perfect or predicted CSI. As we can see from Figure 5, the Eb/N0
performance loss due to employing imperfect CSI is only about 2 dB
at BER=10
−5 for all CM schemes. This is because the differential
coding is effective in circumventing the phase-ambiguity problem.
However, the employment of differential coding comes at the penalty
of increasing the noise variance from N0 to 2|λ(1)k|
2N0, as discussed
in Section II. As a result, when the CSI is perfect, the performance
of the D-CM-8PSK schemes characterised in Figure 4 is about 3 dB
inferior to that of the CM-8PSK schemes featuring in Figure 5. How-
ever, as we can see from Figure 6, when the CSI is imperfect, the D-
CM-8PSK scheme performs better than the CM-8PSK arrangement,
despite having a higher noise variance. For example at BER=10
−5,
the D-BICMID-8PSK and D-TCM-8PSK schemes perform about
1 dB and 3 dB better than their coherently detected non-differential
counterparts. Furthermore, the uncoded D-4PSK scheme was unable
to outperform the uncoded 4PSK scheme, as evidenced in Figure 5,
when the CSI was imperfect. These ﬁndings underline the importance
of using error correction schemes in practical eigen-beamforming
schemes. More speciﬁcally, observe in Figures 4 and 5 that at a
BER of 10
−5, the D-BICMID-8PSK scheme attained a coding gain
of about 6.5 dB and 9.5 dB over the 4PSK and D-4PSK schemes,
respectively, when using predicted CSI. Note that the CM schemes
employed were suboptimum, since they were originally designed for
coherently detected non-differential modulation, nonetheless, their
concatenation with differential coding yielded attractive performance
gains in the context of realistically predicted CSI. Hence, our future
work will consider the design of differentially encoded modulation
based CM schemes for the sake of achieving a higher coding gain.
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Fig. 6. BER versus Eb/N0 performance of the 4PSK (Lf = Ls = 100)
and CM-8PSK (Lf = 1000, Ls = 100) beamforming schemes with and
without differential coding, when communicating over correlated Rayleigh
fading channels having a normalised Doppler frequency of 10−3 with the aid
of an MMSE channel predictor. The pilot overhead is 1.96%.
Let us now study the effect of different channel fading rates in the
context of Figures 7 and 8, where the normalised Doppler frequencies
of the channels were 10
−3 and 10
−4, respectively. As seen from
Figures 7 and 8, when the normalised Doppler frequency of the
channel was reduced by a factor of 10, it becomes possible to increase
the subframe/frame length by a factor of 10, while maintaining a
similar performance.
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Fig. 7. BER versus Eb/N0 performance of the D-4PSK and D-TTCM-4PSK
Beamforming schemes, when communicating over correlated Rayleigh fading
channels having a normalised Doppler frequency of 10−3. The pilot overhead
is 1.96%.
Next, let us study the effect of varying the subframe length at a
given total frame length of Lf = 10
′000 symbols for the D-CM-